Infectious hematopoietic necrosis virus (IHNV) is a piscine rhabdovirus of economic importance as a pathogen of salmon and trout (2, 30) . This virus is responsible for increasingly devastating losses of young fish at hatcheries in western North America (12) . Survivors of a hatchery epizootic of IHNV appear to be virus free until they return from the ocean and begin to spawn (2) . At that time, the vir-us appears in many tissues of the fish and is presumably transmitted vertically via the spawning fluids. There also is substantial evidence for horizontal waterborne transmission of IHNV (28, 30) . The life cycle of IHNV in relation to its carrier host is not known (23, 28, 30) .
IHNV is similar to the rhabdovirus prototypes, vesicular stomatitis virus (VSV), and rabies, in that it is a bulletshaped, enveloped virus with glycoprotein surface projections and a genome of single-stranded, negative sense RNA (3, 13, 25) . The protein structure of IHNV has been reported to resemble that of rabies virus and consists of a viral polymerase (L), a surface glycoprotein (G), two matrix proteins (Ml and M2), and a nucleocapsid protein (N) (13, 19, 23) . Although the proteins of IHNV have been well characterized, the viral nucleic acid species have received little attention. A system for in vitro transcription of IHNV has been described previously (24) , but individual transcripts were not resolved or identified. Therefore, to further our understanding of the molecular biology of IHNV both in the carrier state and during lytic infections, it was first necessary to characterize the viral genome and mRNA species.
We report here the isolation of genomic RNA from purified IHNV virions and six viral mRNA species from IHNV-infected salmon cells. These molecules were resolved by electrophoresis on both glyoxal and methyl mercury gels, and the molecular weights and molar ratios present in infected cells were determined. In addition, the mRNA species were characterized by hybrid selection and in vitro translation studies which resulted in the identification of the viral protein coded for by each message. Our [5,6-3H] uridine (30 Ci/mmol; New England Nuclear Corp.) was added to 10 pLCi/ml 24 h postinfection. The supernatant fluid was harvested and clarified of cellular debris by centrifugation at 2,400 x g (4,000 rpm) in an HS-4 rotor in a Sorvall RC5 centrifuge for 10 min at 4°C. Clarified supernatant fluids were stored at -20°C, or the virions were purified on discontinuous and continuous sucrose gradients as described previously (20) . The Electrophoresis of RNA. Glyoxal treatment of RNA and subsequent electrophoresis of RNA on 1% agarose gels in 10 mM sodium-phosphate buffer (pH 7.0) was carried out as described previously (26) , with the exception that the glyoxal (Fluka AG, Buchs, Switzerland) required more extensive deionization. Glyoxal was passed twice over each of five 10-ml columns of Bio-Rad AG501-X8 mixed-bed resin and stored in small portions at -20°C for single use.
Electrophoresis of RNA samples in 5 mM methyl mercuric hydroxide (Alfa Products), on 1% agarose gels containing 5 mM methyl mercuric hydroxide, was carried out as described previously (5) .
Both types of agarose gels were prepared for fluorography by soaking them for 2 h with agitation in liquid autoradiography enhancer (En3Hance; New England Nuclear Corp.), followed by 2 h with agitation in water. Gels were dried between filter paper and cellophane for 2 h on a gel dryer (Bio-Rad) and exposed to X-ray film (Kodak X-Omat AR) for 20 to 48 h at -700C.
Electrophoresis of proteins. Proteins were analyzed by polyacrylamide gel electrophoresis on 10% polyacrylamide gels with a 4.75% stacking gel (18 (18) .
After electrophoresis, gels were fixed for at least 1 h in 10% acetic acid-10% trichloroacetic acid-30% methanol. Gels were prepared for fluorography by treatment with liquid autoradiographic enhancer (En3Hance, New England Nuclear Corp.), dried between two pieces of cellophane, and exposed to X-ray film as above.
Densitometer analysis of autoradiograms. Autoradiographs of electrophoretic gel profiles were scanned on a Zeineh soft laser scanning densitometer (model SL-504-XL; BioMed Instruments, Inc.). Scans were printed on an Apple personal computer, using an electrophoresis reporting integrator program. Scans were photocopied, and individual peaks were cut out and weighed. Relative peak weights and mRNA molecular weights were used to calculate the molar ratio of each mRNA band with respect to mRNA band 3, which was given the arbitrary value of 1.0. The equation used was as follows: molar ratio of mRNA X = (peak weight mRNA X/peak weight mRNA 3) x (molecular weight of mRNA 3/molecular weight of mRNA X), in which mRNA X was any one of the five mRNA bands. genomne RNA was extracted from purified virions and analyzed by denaturing gel electrophoresis. This RNA migrated as a single high-molecular-weight band on both glyoxal and methyl mercury gels (Fig. 1) , indicating that it was intact, genome-length RNA. Although both glyoxal and methyl mercury gels are reported to fully denature RNA (5, 26) , the IHNV genome RNA ran differently in the two systems when compared with VSV genome standard RNA (the VSV genome has a molecular weight of 3.82 x 106 ± 0.14 x 106) (32) . Glyoxal-treated IHNV genome RNA migrated slightly faster than glyoxal-treated VSV genome RNA, indicating a molecular weight of 3.7 x 106 + 0.05 x 106. On methyl mercury gels the same IHNV genome RNA migrated significantly faster than the VSV genome, indicating a smaller molecular weight of ca. 3.5 x 106 to 3.6 x 106. Although this discrepancy should be kept in mind, we have chosen to use the glyoxal gel size estimate. mRNA molecular weights. Isolation of the viral mRNA species was carried out by infecting CHSE-214 cells with IHNV in the presence of actinomycin D and tritiated uridine. Polyadenylated RNA from IHNV-infected cells was resolved by both glyoxal and methyl mercury gel electrophoresis into six species of RNA (Fig. 1) . The largest band of RNA comigrated with purified IHNV genome RNA and was presumed to be genome-length, positive-or negative-sense molecules involved in the replication process. When purified IHNV genome RNA was fractionated with oligodeoxythymidylic acid-cellulose, less than 2% of the RNA bound to the column. Therefore, the presence of this genome-length RNA in the polyadenylated RNA preparations does not indicate a true polyadenylic acid [poly(A)] tail, but perhaps some internal short poly(A) sequences, or carry-over of genome template molecules, hybridized to polyadenylated mRNA molecules during oligodeoxythymidylic acid-cellulose chromatography.
The five subgenomic polyadenylated RNA bands were designated IHNV mRNA 1 through 5, from largest to smallest (Fig. 1) . In all preparations, mRNA 2, 3, 4, and 5 were relatively abundant, whereas mRNA 1 was present in minor, more variable quantities. The marker RNA species (VSV genome, 3.82 x 106; 28S ribosomal RNA, 1.7 x 106; 18S ribosomal RNA, 6.5 x 105) (27, 32) Although the methyl mercury gels provided excellent resolution of the RNA species, in our hands the plots of log molecular weight versus mobility were not linear over the size range of the marker RNA species and therefore were not used to determine the molecular weights of unknown RNA species.
mRNA molar ratios. The molar ratios of each mRNA species produced intracellularly during IHNV infection were determined by densitometer analysis of the autoradiograms of several glyoxal gel profiles (Fig. 2) . The areas under each peak and the molecular weights of the mRNA species were used to compute the following molar ratios, normalized to 1 mol of mRNA 3: mRNA 1, 0.02 + 0.01; mRNA 2, 0.49 ± 0.03; mRNA 3, 1.00; mRNA 4, 2.52 ± 0.40; and mRNA 5, 0.41 ± 0.14.
In vitro translation of mRNA. To confirm the viral mRNA character of the polyadenylated RNA preparations, the preparations were tested for the ability to direct viral protein synthesis in vitro. Figure 3 shows a polyacrylamide gel of the proteins synthesized in an mRNA-dependent cell-free translation reaction primed with 1 p.g of the polyadenylated RNA from IHNV-infected cells. Proteins were synthesized which comigrated with IHNV standard proteins N, Ml, and (Fig. 3) . We have designated this the NV protein due to its nonvirion nature. mRNA coding assignments. It was necessary to correlate which viral mRNA encoded each of the viral proteins. This was done by hybrid selection of individual mRNA species from the mixture with cloned plasmids carrying partial cDNA sequences from each viral mRNA. The construction and characterization of these clones is described elsewhere (17) . In vitro translation of the mRNA selected by hybridization with each plasmid then identified the protein encoded by that mRNA. In this way the protein coding assignments were made for all the mRNA species which could be translated in vitro. Examples for each protein are shown (Fig. 4) , and a summary of the hybrid selections carried out is presented ( Table  1 ). The plasmid which carried cDNA to mRNA band 2 hybrid selected mRNA which translated into the Go protein.
Two plasmids which carried cDNA to band 3 selected the mRNA which coded for the N protein. Of four plasmids which carried cDNA to mRNA band 4, three selected an mRNA which coded for the M2 protein, and one selected the mRNA for the Ml protein. All three plasmids which carried cDNA to mRNA band 5 hybrid selected mRNA which translated into the small-molecular-weight NV protein.
DISCUSSION
The mRNA species of IHNV have been isolated and characterized as to molecular weights, molar ratios, and coding assignments ( Table 2) .
The molecular weights of the six IHNV mRNA species were used to estimate their coding capacities, after subtracting the molecular weight of a 100-residue poly(A) tail (Table   2) . Our estimate of 100 residues was based on data for the poly(A) tails of VSV mRNA species (64 to 125 residues) (37) and of rabies virus mRNA species (100 to 250 residues) (14) . Table 2 shows the estimated coding capacity of each IHNV mRNA, along with the actual size of the protein encoded. In each case the size of the mRNA species is more than sufficient to code for its assigned protein product. The molecular weight of 150,000 for the IHNV L protein is likely to be an underestimate by analogy with the L protein of VSV. The complete sequence of the VSV L mRNA indicates that the true molecular weight of the VSV L protein is 241,000 (38) . This is significantly higher than values determined by SDS-polyacrylamide gel electrophoresis, which ranged from 160,000 to 230,000 (38) . In like manner, the true molecular weight of the IHNV L protein may be higher than the value determined by gel migration and may be closer to the estimated coding capacity of mRNA 1 ( Table 2 ). The sum of the molecular weights of the six mRNA coding sequences [excluding 100 residue poly(A) tails] is 3.9 x 106. Thus, these six genes account for 105% of the IHNV genome length, which is 3.7 x 106 (this paper).
The molar ratios of the viral mRNA species produced intracellularly during infection are shown in Table 2 . The ratios for mRNA species 2, 3, and 4 were very consistent among different preparations of polyadenylated RNA, whereas those for mRNA species 1 and 5 were more variable. The molar ratio calculated for mRNA 1 is most likely lower than the actual value due to the increased probability of degradation for such a large mRNA (17) . Since the Ml and M2 mRNA species comigrate in the gel, their individual ratios cannot be distinguished. However, the combined ratio of 2.52 indicates that one or both of these mRNA species are present in molar quantities greater than the N mRNA, which was given the arbitrary molar ratio of
The gene order on the IHNV genome has been determined by R-loop mapping to be (3')N-M1-M2-G-NV-L(5') (17) .
With the exception of the NV gene, this is identical to the genetic maps of VSV (3')N-NS-M-G-L(5') (1, 6) and rabies virus (3')N-M1-M2-G-L(5') (10). In VSV, transcription has been shown to proceed sequentially from the 3' to the 5' end of the genome, with no gene transcribed until the transcription of its 3' neighboring gene is complete (1, 6 (Table 1) .
Coding assignments for the four smaller mRNA bands were made by hybrid selection of individual mRNA species, followed by in vitro translation (Fig. 4, Table 1 ). IHNV mRNA bands 2 and 3 encoded the viral Go and N proteins, respectively. Hybrid selection with different plasmids carrying cDNA to mRNA band 4 showed the synthesis of the Ml or M2 protein, but not both. Thus, it was proven that mRNA band 4 contained two comigrating mRNA species which code for the virion Ml and M2 proteins. This is analogous to the situation in VSV, in which the fourth mRNA band visible on denaturing polyacrylamide gels includes both the NS and M mRNA species (16, 37) .
Thus, all five of the known virion proteins were accounted for by mRNA species 1 through 4, and the identity of mRNA 5 remained to be determined. Proof that mRNA 5 was of viral origin came again from the cloning data (17) . Three plasmids were isolated which carried cDNA to mRNA 5. The cDNA inserts of these plasmids hybridized with a cDNA probe to the viral genome and also formed heteroduplexes with the viral genome. Thus, mRNA 5 is coded for by the IHNV genome and is not a cellular mRNA. (Fig.  3) . However, IHNV-infected cell proteins labeled with [35S]methionine did show the induction of substantial amounts of a 12,000-molecular-weight protein. Since the function of this protein remains to be determined, it was designated the NV protein, due to its nonvirion nature. The NV protein translated from hybrid-selected mRNA 5 appeared on gels as a more diffuse band compared with the intact band produced during in vitro translation of the whole polyadenylated RNA preparation (Fig. 3 and 4) . This may be due to some alteration or preferential degradation of this small mRNA during the manipulations of hybrid selection.
Hybrid-selected preparations of individual mRNA species were sometimes contaminated with trace amounts of mRNA for other proteins, as shown by the faint N and M2 protein bands in lanes a and d (Fig. 4) . This may be due to some regions of homology between these mRNA species or simply to the high relative abundance of the N and M2 mRNA species. Nevertheless, in each case a single viral protein was reproducibly the major species translated from hybrid-selected mRNA, enabling us to make conclusive coding assignments which are summarized in Table 1 .
To our knowledge, the NV protein is the first nonvirion viral protein discovered in a rhabdovirus. Viral proteins synthesized in infected cells but not assembled into mature virions have been reported for positive-strand RNA viruses such as picornaviruses and togaviruses, in which the function(s) proposed for the nonvirion proteins is generally related to an RNA replicase activity (21) . However, IHNV, like all rhabdoviruses, carries a viral polymerase in the virion. This polymerase is capable of carrying out the transcription of viral mRNA species in in vitro reactions containing lysed purified virions (24; G. Kurath and J. C. Leong, manuscript in preparation). Since these reactions would not contain any NV protein, it appears that NV protein is not necessary for viral transcription. It may be involved with viral replication or influence host cell processes, both of which occur in the infected cells.
With the exception of the NV protein, IHNV resembles VSV and rabies virus very closely with respect to its proteins, mRNA species, genome size, and genome organization. Thus, we are lead to question whether there might be a nonvirion protein analogous to the IHNV NV protein associated with VSV, rabies, or both. The small molecular weight of the NV protein (12,000) and its mRNA (1.95 x 105; ca. 570 bases) mean that the coding sequence on the genome would be only 370 to 470 bases, depending on the length of the NV mRNA poly(A) tail (14, 37) . Classical genetics with VSV mutants indicate the possible existence of six complementation groups in both the Indians and New Jersey serotypes (9, 31) . This suggests that there are six viral genes rather than five. However, cloning and sequencing studies with VSV now have yielded the nucleotide sequence of the entire VSV genome, and there is no indication of a sixth gene (11, (34) (35) (36) 38) . In addition, the original characterizations of the mRNA species of VSV and rabies virus did not show any mRNA species which were not accounted for by the virion proteins (7, 8, 16, 29, 37, 39) .
If there is a nonvirion protein analogous to the IHNV NV protein in VSV and other rhabdoviruses, then this protein may have a general role in the rhabdovirus replication cycle. Alternatively, if VSV and rabies virus have no analog to the NV protein, it may be that the role of this protein is somehow specific to replication in the fish cells of its host or to replication at colder temperatures. The optimum temperature for IHNV replication is 16°C, and the virus is inactivated at 20°C (30) . It would be of interest to determine whether a protein analogous to the NV protein is coded for by other piscine rhabdoviruses such as spring viremia of carp virus, pike fry rhabdovirus, or viral hemorrhagic septicemia virus (30) .
